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ABSTRACT. Barrier-to-autointegration factor (BAF) is a host cell protein that plays a crucial role in retroviral
integration. Preintegration complexes (PICs) stripped of BAF lose their normal integration activity, which
can be restored by incubation with purified BAF. BAF bridges double-stranded DNA both intra- and
intermolecularly in a non-sequence-specific manner, leading to the formation of a nucleoprotein network.
BAF also binds to the nuclear protein lamina-associated polypeptide 2 (LAP2), and is localized with
chromatin during interphase and mitosis. The crystal structure of homodimeric human BAF has been
determined to 1.9 A resolution. The fold of the BAF monomer resembles that of the second domain of
RuvA. This comparison revealed the presence of the hélairpin—helix (HhH) nonspecific DNA binding

motif within BAF. A novel feature of BAF’'s HhH motif is the occupation of the metal binding site by the
e-amino group of Lys 6, providing an alternative means of sequestering positive charge. Mutational analysis
corroborates the HhH motif's prominent role in DNA binding and argues against a previously proposed
helix—turn—helix (HTH) binding site located in another region of the monomer. A model of BAF bridging
DNA via the HhH motif is proposed.

A crucial process in the life cycle of retroviruses is the DNA in a highly base-nonspecific mannetl{ R. Zheng
integration of a DNA copy of the viral genome into the host and R. Craigie, personal communication). It is present in
cell's genome 1). Integration is mediated in vivo by the both cytoplasmic and nuclear fractions of cell extracts. BAF
preintegration complex (PI€}2, 3). This is a large nucleo-  possesses the remarkable property of being able to bridge
protein complex derived in part from the core of the infecting together multiple segments of DNA. This bridging activity
virion. It has not been thoroughly characterized, but it is has been proposed to be responsible for BAF's ability to
known to contain viral proteins, including integrase, viral protect viral DNA from autointegration within the preinte-
DNA, and cellular proteins4—7). PICs isolated from cells  gration complex 11). The endogenous function of BAF
infected by Moloney murine leukemia virus (Mo-MLV§X within uninfected cells is unknown. However, it appears to
or by human immunodeficiency virus type 1 (HIV-D, (LO) be vital. Inhibitory RNA experiments irCaenorhabditis
exhibit a strong preference for intermolecular integration of eleganshave shown that embryonic development is arrested
linear viral DNA into a target DNA molecule, and not for in the absence of BAF (M. S. Lee, R. Cragie, and M. Krause,
suicidal intramolecular integration, termed autointegration, personal communication). Additionally, BAF binds lamina-
of viral DNA into itself. The host cell protein BAF was first  associated polypeptide (LAP) 2, a lamin and chromatin
identified by its ability to protect Mo-MLV PICs against  binding nuclear protein, and has been suggested as a mediator
autointegration, 11), and has been shown to play a similar of LAP2—chromosome interaction at the end of mitodis, (
role in promoting intermolecular integration activity of HIV-1  14). Immunofluorescence staining demonstrated that BAF
PICs @2). is preferentially localized to the nucleus in interphase cells

Human BAF is a homodimeric protein, with each 10.1 and to chromosomes during mitosik3).
kDa subunit composed of 89 amino acid residues. BAF does ¢ crystal structure of BAF, determined at 1.9 A
not exhibit any significant degree of sequence similarity 10 regq|ytion using phases determined by a multiwavelength
other known proteins. However, many Species express asnomalous dispersion (MAD) experiment, is reported here.
transcript thgt can encode a protein that |s.h|ghly similar This structure strongly suggests a model by which BAF
(11). BAF binds double-stranded but not single-stranded pgnspecifically binds double-stranded DNA Using a previ-

* Accession numbers for the coordinates and structure factors _OUS|y unrecognized helxhairpin—helix (HhH) motif. This

deposited in the Protein Data Bank are 1ci4 and ricisf, respectively. IS & nonspecific DNA binding motif in which binding occurs
* Corresponding author. Telephone: (301) 496-4295. Fax: (301) through interactions between amide groups of the peptide

49?;’201- F'rgg”: d_rds@;]’g‘?r-”ig‘l‘k-”in-go"- H Institute. Kenilwortt, 1N @nd phosphate groups of the DNA backbdi®, @and
NI 0703 oress: Senering-riough Research Nstitie, BentWori ot |east in certain cases a metal-mediated interacté (

1 Abbreviations: PIC, preintegration complex; BAF, barrier-to- This motif has been predicted, on the basis of sequence, to
autointegration factor, Mo-MLV, Moloney murine leukemia virus; HIV-  exist in many proteinsl, 17—19). It has been unambigu-

1, human immunodeficiency virus type 1; HhH, helixairpin—helix; ;
HTH, helix—turn—helix; MAD, multiwavelength anomalous dispersion; ously observed in the crystal structures of the three DNA

LAP2, lamina-associated polypeptide 2; rmsd, root-mean-square devia-9lycosylases, endonuclease B}, AlkA (20, 21), and MutY
tion; ncs, noncrystallographic symmetry. (22), as well as in the Holliday junction binding protein RuvA
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(23—26) and the DNA gap'f'”'”g enzyme polymeragg18, Table 1: Data Collection and Refinement Statistics
27, 28). However, except for this motif, the overall structure
of dimeric BAF is dissimilar from that of these five proteins. A e 43
Both the crystal structure and mutational analysis strongly Wave'e_”gthﬁfA) 0.9793 0.9789  0.9686
suggest a model of BAF's mode of binding and bridging L%S%}Jgggérv)aﬂons 42'1%3'797 402(1}614'24 40'%3‘2906
double-stranded DNA, and this is presented here. no. of unique reflections 15938 15976 16011
Recently, the solution structure of BAF was report2g)( Completebness (%) 99.1(94.0) 99.4(97.3) 99.5(100.0)
While the BAF crystal and solution structures are similar, Rf]ygs(i";")a’(/a(l) _10) 6.8(24.0) 7.3(26.9) 6.1(18.4)
particularly on the level of the main chain fold of the ECums (O/QO)C o . . 54.8
monomer, differences do exist which may be significant. For Rqau (%) - 2.0 1.9
example, the dimer interfaces are not identical, with the phasing power - 4.20 197
crystal structure exhibiting a tighter and more extensive FOMU 0'6115f‘3’r11 hased
interface. In addition, the positions of several potential reﬂectioe]sase
important side chains at the dimer interface and at the ] o
putative DNA binding site differ between the two structures. . Refinement Statistics
. - . . . . no. of reflectionsifa(l) = 0.0)
Furthermore, the putative DNA binding site predicted in this working 14112
work and in the NMR study29) involves distinctly different test 1588
regions of the protein. R (Rired)' 0.214 (0.265)
no. of protein atoms 1389
no. of waters 228
MATERIALS AND METHODS [B-factor (A2
Protein Purification.Selenomethionine human BAF con- mgggmg:é gié
taining a hexahistidine tag was synthesized inBkeherichia water 33.6
coli methionine autotroph B834(DE3)LysS (Novagen) using  rms deviation from ideality
a previously described construdtlj. Cells were grown at bond lengths (A) 0.0099
bond angles (deg) 1.37

37 °C using a defined medium containing 1% dextrose (w/
v) as the carbon source and with 40 mg/mL selenomethion-A re‘e\s/glllhlt?c)snighﬁieg:h%?Iref%g [E/%[Sutmatcisélcs forzdalt:apt‘btleﬂ':lgﬂ
Ine. .B.AF.WaS purlflgd as def‘scnbed preV'OU?MX with — |FHcI/Z]|FPHo| + TEPoll |for centric reflec#";nsf’ é&llraut=|2||||:Pl—ok|)|‘
modification. Following the nickel chelate affinity column  _\eppi) /51 FpH| for acentric reflections, isomorphous caBra
run under denaturing conditions, BAF was refolded by = 3|FPH.*| — [FPH*|| + [[FPHy | — |FPH|I/S(FPH'| +
dialysis against 50 mM KO, (pH 6.5), 200 mM NacCl, 10 |[FPHy"|) for acentric reflections, anomalous case, where FP is the
mM EDTA, and 15 mM 2-mercaptoethanol. The histidine protein,_ FPH the derivative, and FH F_he heavy atom structure factor,
tag was cleaved using thrombin (20 units/mg of BAF for 75 'r:e|_s|pect|vely. FPHand FPH denote Bijvoet mates.Phasing power,
: . . o/E for the isomorphous case and 2f-HE for the anomalous case,
min at room temperature). The thrombin was removed USing \yhereE is the rms lack of closuréR = S|FP — FPc//SFPo. Ryes i
a benzamidine Sepharose column. BAF was further purified the same a®R but computed using a randomly selected 10% of the
using a Superdex 200 (20/60) column (Pharmacia), with a data which was excluded throughout the refinement.
buffer composed of 20 mM Tris-HCI (pH 7.0), 10% (w/v)
glycerol, 150 mM NaCl, 10 mM DTT, and 0.1 mM EDTA.  5symmetric unit were located using SOLVEL(. The Se
The se_lenomethllomne BAF was then concentrated to 8.3 mg/positions were refined using maximum-likelihood phase
mL using Centriprep 10 concentrators (Amicon) at room yefinement, and the resultant phases were modified using
temperature. solvent flattening. These pseudo-SIRAS calculations were
Crystallization. BAF was crystallized by microdialysis  undertaken in PHASES-93%). Table 1 contains details of
against 20 mM imidazole (pH 6.5), 80 mM NaCl, and 10 the data processing and refinement results. This yielded an
mM DTT at room temperature. Crystals were serially electron density map of excellent quality (Figure 1). The
transferred into a final cryoprotectant solution of 30% (W/V) protein model was built into the density using G3)
glycerol, 20 mM imidazole (pH 6.5), 50 mM NaCl, and 10 Refinement was conducted using CNS version &8),(
mM DTT, with increases in the glycerol concentration by employing torsion angle dynamics simulated annealing with
increments of 5% (w/v). Cryoprotected crystals were plunged a maximum likelihood target function. Bulk solvent correc-
into liquid propane to flash-freeze them. tion and an anisotropic temperature factor correction were
Data Collection.MAD data were collected at Beamline employed. All data wheré/oc > 0 were utilized. Prior to
X-9B of the National Synchrotron Light Source (NSLS) at refinement, 10% of the data were randomly selected as a
95 K, and recorded on a MAR 345 imaging plate. Data were testdata set, to be used for calculatiRgs., While the model
collected employing monochromatic X-rays at three separatewas refined against the remaining 90% of the dRfa. was
wavelengths experimentally selected to optimize the differ- used throughout the refinement to optimize the refinement
ences in both the real and imaginary parts of the Se scatteringscheme and to prevent overfitting of the data. The final model
factor (Table 1). The crystal was tetragonal, in space groupincluded the use of weak noncrystallographic symmetry (ncs)
P4;2,2, with the following cell parametersa = b = 41.8 restraints (ncs-related main chain atoms, 20 kcal 2
A andc = 214.6 A. The asymmetric unit was estimated to ncs-related side chain atoms, 10 kcal mok~2 non-ncs-
contain two BAF monomers, using a Matthews coefficient related main chain atoms, 5 kcal mbA~2 and no restraints
of 2.30 A¥/Da. on side chain atoms judged not related by ncs) and restrained
Data Processing and Refinemeiliata were processed individual temperature factors. Water molecules were added
using HKL (30). Three of the four Se atoms in the to the model at the later stages of refinement. The final
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FiGURe 1: Experimental electron density map, calculated using phases derived from MAD data to 1.9 A resolution followed by solvent
flattening. The map is contoured at & ZResidues Trp 85Leu 89 of monomer B of the final refined structure are displayed.

protein model was evaluated using PROCHECB5)( uting to the dimer interface are residues belonging to the
Figures were created using RIBBONI®) and GRASP 7). loops immediately preceding and following hetis and to
Site-Directed MutagenesiResidues of interest in human the loop preceding the single turn ofipdelix and the
BAF were selectively mutated using the QuikChange Site- C-terminal residue Leu 89. Approximately 7252 Aer
Directed Mutagenesis Kit (Strategene). Mutant proteins were monomer is buried upon dimerization. Surrounding the
synthesized irE. coli and purified in @ manner similar to  hydrophobic interface core are polar interactions extending
that described above, but on a reduced scale. The BAF mu-across the interface, including four salt bridges. These salt
tants were analyzed for DNA binding using a gel-shift assay. bridges are between Glu 17 and Lys 54sp 40 and Lys
53, and their mates related by noncrystallographic 2-fold
RESULTS AND DISCUSSION symmetry. Lys 53 is also positioned to hydrogen bond to
Description of the Monomer Structurghe crystal struc- € main chain carbonyl group of Gly 3&he polypeptide’s
ture of selenomethionine BAF was determined as described!€'Minal carboxyl group on Leu 89 forms hydrogen bonds
in Materials and Methods. The 1.9 A resolution MAD data &cross the dimer interface, interacting with the main chain
produced an experimentally phased electron density map of2@Mide groups of Met 1&nd Gly 16.
exceptional quality (Figure 1). BAF is a homodimer within ~ The dimer exhibits a saddle-shaped hydrophobic surface
the crystallographic asymmetric unit (Figure 2A), in agree- patch centered upon the solvent-exposed faces of helices
ment with the observation of the dimeric state in solution andas’ (Figure 3). It is composed of aromatic and aliphatic
from NMR (29), gel filtration, and dynamic light scattering ~ residues (Phe 39, Val 44, Val 51, Leu 52, Leu 58, and Trp
experiments (data not shown). The two monomers composing62) from both constituents of the dimer. The only polar
this dimer were restrained by weak noncrystallographic residue within this patch is Gln 48. Positively and negatively
symmetry restraints during refinement. The monomers will charged residues immediately surround this hydrophobic
be termed monomer A and monomer B when features Patch. This region has not been implicated in any type of
pertinent to only one are being discussed. To denote that afunctionality. However, it is an atypical protein surface
particu|ar residue be|0ngs to a second monomer, a pr’ne ( formed by hlgh'y conserved residues and is a candidate for
will be added to its name. Each monomer contains five the LAP2 binding site.
o-helices ¢u, GIn 5-Val 11; a,, Glu 28-Glu 36; a3, Ala Comparison to Solution Structur@&he structure of BAF
42—Val 51; ay, Glu 56-Cys 67; andos, Ala 71—Phe 88) has been determined using high-quality data obtained by
along with a single turn of 3-helix (Val 20—Ser 22). The crystallographic methods (MAD phasing to high resolution)
monomer itself forms a compact globular structure with the and also by NMR method9) [including the assessment
helices packed about a hydrophobic core. The exceptions toof dipolar couplings which provide long-range structural
this are the first two residues proximal to the N-terminus, information 88)]. The main chain structures of the monomers
which are highly solvent exposed. No electron density was determined from both methods compare reasonably well,
observed for the N-terminal selenomethionine of monomer yielding root-mean-square deviations (rmsd) of 0.73 and 1.3
B. The BAF monomer contains four cysteine residues, all A for the superposition of & atoms and all atoms,
of which are buried within the hydrophobic core. It is respectively. The coordinates of the BAF solution structure
impossible for any of these cysteines to interact with one were obtained from the Protein Data Bank, with the
another to form disulfide bonds, either intra- or intermo- identifying code 2EZX. For comparison, the rmsds are 0.27
lecularly, without significant unfolding of the protein. and 0.59 A for the superposition of thexGitoms and all
Description of the Dimer StructureBAF displays an atoms, respectively, between the two monomers within the
extensive dimer interface (Figure 2B). The core of this crystallographic asymmetric unit. Weak noncrystallographic
interface is composed of hydrophobic residues belonging to restraints had been employed during refinement of the crystal
helix as. This helix contains a central notch created by the structure, with their weights being optimized through the use
inclusion of a glycine residue (Gly 47), which allows the of Rree There was no evidence that the use of the ncs
helices from each of the two opposing monomers to cross restraints caused the model to significantly disagree with the
while simultaneously packing tightly together. Also contrib- electron density maps.
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Ficure 2: BAF crystal structure. (A) Stereoview of thex@race of the dimer. (B) Stereoview of a ribbon representation of BAF down the
dimer axis. Monomer A is cyan, and monomer B is magenta. The individual helices are labeled, except foy Whith is a fundamental

element of the dimer interface. Gly 47 is located in the middle of helxand highlighted in yellow. The side chains of the residues
contributing to the dimer interface are displayed as ball-and-stick representations (oxygen, red; nitrogen, blue; carbon, green; and sulfur,
yellow). The 10 polar interactions across the interface are denoted by black spheres. The;singlie 81 each monomer is colored dark

blue.

However, comparison of the intact dimers results in dimer interfaces observed in the two structures. In this
significantly poorer agreement. If the dimers are aligned on superposition of structures, the second monomer of the NMR
the basis of the transformation matrix derived from the structure is related to the corresponding monomer of the
superposition of the € atoms from a single monomer of  crystal structure by a 6°Qotation and a 1.1 A translation.
each structure, then the rmsd is 1.8 A for the &oms of This results in thexs helices of opposing monomers crossing
the second monomers (Figure 4). In the rmsd calculations at angles of approximately 14and 148 in the crystal and
presented above, residues-3 were excluded as their NMR structures, respectively. Additionally, the NMR struc-
positions were poorly defined in the NMR study and were ture possesses fewer contacts across the dimer interface,
greatly influenced by packing contacts in the crystal structure. including fewer polar interactions. The surface area buried
This large rmsd primarily reflects a disparity between the at the dimer interface of the NMR structure is approximately
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Ficure 3: Stereoview of the electrostatic surface potential of the saddle-shaped hydrophobic patch on the BAF dimer. The displayed

gradient is from—>5 (red) to 5 (blue) kT/e. This view is down the dimer axis.

arranged like those of domain Il of RuvR3-26). However,
the overall tertiary and quaternary structures of BAF and
RuvA are dissimilar. Detailed examination of the superposi-
tion of domain Il of RuvA and BAF revealed that the BAF
monomer exhibits both the consensus sequence hxxhxGh-
Gxxxsxxhh [h being a hydrophobic residue (V, I, L, M, W,
F, Y, or A), s a small residue (A, G, C, or S), and x any
residue], and the three-dimensional structure of the kelix
hairpin—helix (HhH) DNA-binding motif @5, 17). The
existence of this motif within BAF has not been previously
FiGURE 4: Superposition of the BAF dimer crystal and solution reported. It resides within BAF between residues Val 20 and
structures. Monomers on the left were superimposed, and then theGlu 35 (VGSLAGIGEVLGKKLE), with the only disagree-
two dimers were aligned according to this transformation. The ment with the consensus sequence being at the final position,
O e B e ko S 12 Gl 35, This inal esidue of the mot i located away from
excluded from rmsd calculations. the DNA binding site, and the first HhH motif of polymerase

B (18, 28) also contains an acidic residue at this position.
590 A2 per monomer, or 135 ﬂess than that found in the The rmsds between theoCatoms within the HhH motif of
crystal structure. Also, within a monomer, fewer stabilizing BAF and the first and second such motifs in polymerése
polar interactions are observed in the NMR structure than are 0.56 and 0.64 A, respectively. This is similar to what
in the crystal structure. The differences between the BAF has been reported for comparisons between other HhH motifs
structures determined via the two methods may arise, in (17). Domain Il of RuvA contains a second example of the
part, due to the observation that NMR structures tend to HhH motif. The corresponding region in BAF is between
be expanded when compared to crystal structug®. ( residues Leu 63 and Phe 78 (LKDTCGANAKQSRDCF)
This expansion of the structure can result as an artifact of Which resembles the HhH motif in both sequence and
the nature of the experimental NMR data and the compu- structure, but is sufficiently different that it cannot be
tational methods used in refining solution structures and may classified as such. The most significant deviation is the
not represent a meaningful difference between the two presence of an asparagine residue (Asn 70) in place of the
structures. second conserved glycine of the motif.

Comparison to Structures in the PDBhe PDB was Mutational Analysis of Residues That Are Important to
searched for proteins that were structurally similar to BAF DNA Binding Engineered mutants of BAF were assayed for
(40). No proteins having a fold highly similar to that of BAFs their DNA binding activity to identify residues that poten-
were detected. Several proteins in the database were identitially constitute the DNA binding site. The BAF mutants
fied as weakly similar to BAF, with rmsds onoCatoms in behaved like wild-type BAF during purification, including
the range of 3-4 A over 50-76 residues distributed across the elution profiles during the gel filtration step. Thus, there
multiple segments. It was found that the helices betweenwas no indication that any of the mutations caused a gross
residues Glu 17 and Phe 88 of the BAF monomer were misfolding of the protein. All of the lysine and the arginine
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Ficure 5: Stereoview of the electrostatic surface potential of the BAF dimer. This view emphasizes the region about one HhH motif
contained within the dimer. This motif is located in the upper portion of the figure and participates in forming an extensive surface of
positive electrostatic potential. Important residues of the proposed DNA binding site are labeled in green, including several residues of the
HhH motif (Gly 25, Gly 27, and Val 29). Basic residues that may interact with bound DNA are also labeled, except Arg 60 which is
obscured. The labels for basic residues are positioned near the termini of their side chains, ana atsn<Cfor other residues. The
dimer’s second DNA binding site is mostly obscured in this view, with only two visible basic residues, labeled in yellow. The N-termini

of both monomers are also labeled. The displayed gradient is ftbrfred) to 5 (blue) kT/e.

residues were screened by individually mutating each to a positively charged surface patch would interact favorably
glutamate. The two conserved glycine residues of the HhH with the negatively charged phosphate backbone of DNA.
motif were mutated to both glutamate and glutamine. Single As previously mentioned, this region contains the majority
mutations which resulted in undetectable DNA binding of the basic residues that negatively influence DNA binding
activity were K6E, K18E, G25E, G27E, G27Q, K33E, K54E, upon mutation. The exceptions possess other structurally
R60E, K64E, K72E, and R75E. Mutations which signifi- important roles.
cantly decreased but did not completely eliminate BAF's  The HhH motif is defined as containing two helices
DNA binding activity were R8E, G25Q, K32E, and K53E. connected by a type Il reverse turn accompanied by a char-
Mutations that caused no discernible change in DNA binding acteristic sequence. Nonspecific binding to DNA occurs via
activity were R37E, K41E, and R82E. Most of the resi- hydrogen bonds formed between two adjacent phosphate
dues thus identified as potentially belonging to the DNA groups of DNA’s backbone and main chain amide groups
binding site were located near BAF’'s HhH motif. The on an extended surface presented by the reverse turn and
three exceptions participate either in the dimer interface the N-terminus of the second helix of the motif. To further
(Lys 53 and Lys 54) or in a salt bridge (Lys 18) which aids test the hypothesis that the HhH motif composes BAF’'s DNA
in the stabilization of the large loop between halixand  binding site, the two conserved glycine residues of the motif
the 3-helix. were mutated individually to glutamate or to glutamine. The
The detection of the HhH motif within the human BAF first conserved glycine, corresponding to Gly 25 in BAF, is
monomer is highly suggestive of BAF’'s mode of binding required to allow the formation of the type Il reverse turn,
DNA. This motif has been implicated in the nonspecific as the required main chain torsion angles are normally
binding of DNA in a number of proteinslp, 17). It has inaccessible to any residue possessing a side chain. The main
been observed to be directly interacting with DNA in the chain amide of this glycine is then positioned so that it can
crystal structures of polymerage(18), RuvA (23, 24), and form a hydrogen bond to a backbone phosphate group of
AIKA (16), and in an NMR study mapping the binding site  DNA. In polymerases (42) and AIKA (16), this reverse turn
of endonuclease I141). This motif exists in proteins which  also contributed to the formation of a metal binding site
do not share a common overall fold, and BAF is a further which further mediated DNA binding. The G25E mutant of
example of this. It should also be noted that unlike these BAF lost its DNA binding ability, whereas the G25Q mutant
proteins for which structures of DNA complexes have been displayed a reduced level of binding. Both mutations would
reported, BAF has not been shown to recognize any particularbe expected to distort the main chain geometry of this reverse
feature of DNA structure, such as a gap, a Holliday junction, turn. This distortion may account for the reduced binding
or a damaged base. activity of the G25Q mutant. Elimination of binding by the
The importance of the HhH motif for the DNA binding G25E mutant may be due to a combination of a disruption
activity of BAF is supported by additional data. The signature of the structure of the turn and an introduction of a negative
sequence of the HhH motif is conserved within BAF from charge near the binding site, creating unfavorable electrostatic
four distinct species (human, mouse, zebrafish, &hd interactions with the DNA phosphate groups. The second
elegan3 (11). Moreover, electrostatic potential calculations conserved glycine, corresponding to Gly 27 in BAF, is also
(37) demonstrate that this motif lies within the only large critical for DNA binding. The lack of a side chain on this
positively charged region on BAF’s surface (Figure 5). This residue allows the main chain amide groups of the residues
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Ficure 6: Model of B-DNA bound to the BAF dimer. (A) A stereoview of a detailed model of B-DNA bound to one of BAF's HhH motifs

and neighboring residues. Hydrogen bonds and salt bridges are indicated by black spheres. Residues that interact with DNA in this model
are shown as ball-and-stick representations. The color scheme for the spheres representing atoms is as follows: phosphorus, magenta;
oxygen, red; nitrogen, blue; and carbon, green. Additionally, Glu 13 and Lys 18 are displayed. These residues form a salt bridge within the
loop connecting helixx; and the 3g-helix. Within the protein, cyan indicates-helix, dark blue indicates;ghelix, and orange indicates
nonhelical regions. (B) A stereoview of a ribbon representation of the BAF dimer modeled bridging two segments of B-DNA. BAF’s
orientation is approximately the same as in panel A. The individual monomers are colored red and cyan, respectively. The HhH motif
within each monomer is colored orange. Protein residues which are proposed to form hydrogen bonds between their main chain amide
groups and the DNA phosphate backbone are colored in dark blue.

at the N-terminus of the second helix of the motif (Val 29 expected hydrogen bonding scheme involving exposed main
and Leu 30 in BAF) to be exposed. Thus, they are available chain amide groups within the HhH maoatif, those of Gly 27,
to form hydrogen bonds to a DNA backbone phosphate Val 29, and Leu 30, to the phosphate group of nucleatide
group. The addition of a residue containing a side chain at and that of Gly 25 to the phosphate group of nucleotide

this position would sterically block the formation of these 1. Several other favorable interactions were also present in
hydrogen bonds, but would not necessitate a change in mairthis model. The aliphatic side chain of Val 29, which is
chain conformation. Both the G27E and G27Q BAF mutants solvent-exposed in the crystal structure, forms a hydrophobic
exhibited no DNA binding activity. interaction with the deoxyribose group of nucleotide 1.

A Model of DNA Bound to BAFAN idealized B-DNA The side chain of Lys 6 is packed against the reverse turn
decamer was modeled bound to BAF (Figure 6A). Interac- of the HhH motif. Itse-amino group may form hydrogen
tions between DNA and the second HhH motif within bonds to the main chain carbonyl groups of Gly 21 and lle
polymerases (18) formed the basis for this modeling. In 26, and less ideally to Leu 23. This serves to sequester
addition, the reported interactions between DNA and the additional positive charge directly at the DNA binding site.
HhH motifs in RuvA @3, 24) were used as a guide. Both In the proposed model, the side chain amino group of Lys 6
the B-DNA decamer and BAF were treated as rigid bodies. is then positioned to interact with the phosphate group of
It should be noted that preliminary data indicate that a large nucleotiden + 1. Interestingly, thig-amino group occupies
BAF—DNA complex may form, containing more that a the metal binding site observed within each of the two HhH
single BAF dimer and involving either multiple DNA  motifs of the polymerasg—DNA complex (L8) and within
oligomers or multiple contacts with a single large DNA the single HhH motif of the AlkA-DNA complex ({6). It
molecule (R. Zheng and R. Craigie, personal communica- is unknown whether under certain conditions a metal ion
tion). Hence, the model presented here probably representsnay displace the side chain of Lys 6 and bind to BAF's
a subunit of this larger complex. This model revealed the HhH motif. This metal ion has only been observed in the
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DNA complexes of polymerasg and AIKA (16, 42), and glutamate with no loss of DNA binding ability. Several of
possibly in the RuvA-Holliday junction complex43), and the basic residues which have been implicated in DNA
not in the crystal structures of AIkA2Q, 21), endonuclease  hinding by mutational analysis (Lys 6, Lys 18, Lys 32, and
Il (15), and MutY @2) determined in the absence of DNA. Lys 33) are located away from the proposed HTH motif.
However, DNA binding is abolished in the BAF K6E mutant. The role that these basic residues have in DNA binding, and
In the solution structure, the side chain of Lys 6 is not the negative effect that mutations G25Q, G25E, G27Q, and
associated with this reverse turn. However, this may be due G27E have upon binding activity, is not adequately explained
to the geometry of the residues near the N-terminus beingif DNA binding is assumed to occur via the proposed HTH
poorly defined in the NMR experimen29). motif.

The BAF—DNA model revealed several potential sites of ~ Concluding RemarksA model by which BAF nonspe-
interaction between regions of the protein outside the HhH cifically binds double-stranded DNA through a HhH motif
motif and the DNA phosphate backbone. The exposed mainhas been proposed and tested by both structural and
chain amide groups of GIn 5 and Lys 6 are positioned such mutational analysis. The HhH motif has been directly
that they may hydrogen bond to the phosphate group of observed in only a small number of proteins, with these
nucleotiden + 2. Additionally, the 11 basic residues proteins exhibiting an array of functions and overall folds.
surrounding the HhH motif would form stabilizing electro- The presence of the HhH motif in BAF further extends this
static interactions with DNA backbone phosphates. Further array. Furthermore, BAF displays two novel features associ-
favorable electrostatic interactions would occur between the ated with its HhH motif. A lysine side chain occupies what
dipoles of helicesy; anda, and the backbone phosphates has been previously observed to be a metal binding site,
of nucleotidesn + 2 andn, respectively. yielding an alternative method of capturing a positive charge

BAF's pseudo-HhH motif (Leu 63Phe 78) is also  atthe DNA binding site. Also, the first helix of the motif is
positioned to interact with the backbone of the second a single turn of @-helix instead of aro-helix previously
complementary DNA strand, with the minor groove facing observed in other structures containing this motif. The
BAF. However, since this region deviates from the canonical presence of two distinct binding sites on the BAF dimer
HhH moatif, it is likely that any interactions between these correlates with its ability to bridge together discrete segments
residues and DNA differ from the standard HhH metif  of double-stranded DNA, and suggests a model of the bridged
DNA hydrogen bonding scheme. Nonetheless, the main chainnucleoprotein complex (Figure 6B).
amide groups of Ala 71 and Lys 72, which are at the
N-terminal end of helixxs, may possibly hydrogen bond to ACKNOWLEDGMENT
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